Abstract. This paper investigates the evolution of the solid component of a protoplanetary disk in which the gas flows in a nonaxisymmetric way due to persistent large-scale structures such as giant vortices or spiral patterns. The dynamics of the particles, submitted to the gravity of the central star and to the gas drag, is studied through numerical integrations of the motion equations. Particles, following their size, are found to be radially confined by the flow patterns. This dynamical behavior, which differs significantly from the standard radial decay in the axisymmetric case, could make easier the formation of the planetesimals.
INTRODUCTION
The recent discovery of the runaway giant protoplanet candidate TMR-1C (Terebey et al. 1998) , if confirmed, can provide a strong constraint on planet formation timescales and help us to improve or reject our present theories of planet formation. It has been estimated that the planet took no more than 300 000 yr to form. This is a very low limit for the timescale in which a giant planet can be formed. The formation of giant planets is a controversial topic, and new mechanisms able to produce giant planets are being considered. The so-called standard model of planet formation involves physical or chemical coagulation of micrometer size dust grains into 0.1 to 10 km diameter aggregates, termed planetesimals, and the subsequent accumulation of these planetesimals into the final planets. The formation of planetesimals by continuous agglomeration could be a relevant alternative to the historical instability scenario if the solid particles survive long enough against radial decay to the star. The particle lifetime in the nebula depends on the gas drag and was computed for long assuming the flow is a circular one. The case of non circular flows was investigated only in recent years by a number of authors (Barge & Sommeria 1994 , 1995 , Laughlin & Rozyczka 1996 , Laughlin & Korchagin 1996 , Tanga et al. 1996 , Bracco et al. 1999 . The velocity field of the nebula gas is poorly known, but there are strong presumptions that large scale structures, like giant vortices or spiral perturbations, can grow and survive during the protoplanetary stage (Lovelace et al. 1999 , Godon & Livio 1999 .
MODELING AND RESULTS
The model of the nebula used in this paper assumes the following: a thin disk without self-gravity in which the surface densities (both for gas and particles) and the temperature are given by the decreasing power-laws r~p (p = 3/2) and r~q (q = 1/2), respectively. At 1 AU from the central star, the surface densities are set to 17000 kg m -2 for the gas (a g ) and to 200 kg m -2 for the particles (c p ), whereas the temperature (T) is assumed equal to 280 K. Under the standard assumption of hydrostatic balance in the thickness H of the nebula (H ~ C s /i2, where C s is the sound velocity), the dynamical problem remains a two-dimensional one. Then the spatial density of the nebular gas at the equatorial plane is given by p g = 1.36 x 10 -6 (r/AU) -11 / 4 kg m" 3 , with p g = a g /2H.
In this work the dynamics of the solid particles is explored with a crude model of the velocity field in which the streamlines are, to the lowest order, fitted by Keplerian trajectories. Our chief center of interest is a region of the disk near Jupiter's present orbit where the drag forces are the most effective. In the case of a vortex, Barge & Sommeria (1994 , 1995 used simple streamlines which are matching epicyclic motions around the vortex center with the basic circular motions. The characteristic size (or radius) of the vortex R is equal to the thickness H of the nebula and corresponds to the limit of subsonic motions. In a frame of reference centered on the Sun and rotating with the angular velocity of the center of the vortex, the radial and tangential components of the gas velocity v g write: In these expressions r and 9 define the position vector of the particle, ii is the Keplerian angular velocity, whereas a 0 and 9 0 are the polar coordinates of the center of the vortex. Using an inertial frame of reference centered on the Sun the gas velocity then reads:
The motion equation of a solid particle submitted to the attraction of the star and to the gas drag is:
where u = v -V g and T s is the well known stopping time. Particles, whose size ranges from centimeter to meter, are captured and confined by the anticyclonic vortices. Under the same assumption, we found that a ring-like swarm of particles is strongly depleted by this capture-in-vortex mechanism (see Fig. la ). Inside the vortex, the particle surface density steeply increases as a function of time.
In the case of a spiral perturbation, the velocity field can be described by a set of concentric elliptic streamlines as usual in the kinematical description of spiral waves. Moreover, as protoplanetary disks are nearly Keplerian, the m = 1 spiral mode is the most probable and the most robust one. If the perihelion of the fluid particle trajectories is shifted by an appropriate angle <j >, it is easy to model this spiral-like perturbation. Indeed, using the equations for the contact of two confocal ellipses it can be shown that:
(positive sign in the leading case and negative in the trailing case) where r is the radial position of the particle, ro is a fixed radius inside which the pattern vanishes and e is the eccentricity of the flow around the star (assumed constant). Therefore this two-dimensional velocity field can be written:
t;ff = ^£=(l + 6cos((9 + ^(r))),
where 9 is the true anomaly. Therefore, projecting v r and vg upon the X-and K-axes, we get:
Vy = v r sin 9 + vg cos 9.
The resulting pattern is a one-armed spiral; when the streamlines are confocal ellipses, the gas flows along in such a way that they are almost coincident with the particle trajectories (the self-gravity of the disk is implicitly neglected). With such a velocity field we find that the particle trajectories end up in elliptic orbits which are stable limit cycles. The radius of a limit cycle depends on the particle size: the larger the particle the smaller the radius of the cycle. We find also that a ring-like swarm of particles, with a given size distribution, spreads into a spiral-like pattern (see Fig. lb ). This pattern results from the size segregation of the particles under the friction drag force. Indeed, it is formed by the set of concentric elliptic limit cycles corresponding to various particle sizes.
CONCLUSION
In summary, small disk asymmetries, due to giant vortices or spiral patterns, are able to confine the solid material within the nebula. A significant part of the particles is concentrated into small regions of the disk and could make easier the agglomeration of the planetesimals. The surface density of particles in the vortex increases by a significant amount within a few orbits. A slightly less significant increase is found in the wave front of one-armed spiral perturbations.
